Carbon monoxide (CO) attenuates lung ischemia reperfusion injury (IRI) via inhalation, and as an additive dissolved in flush/ preservation solution. This study observed the effects of lung inflation with CO on lung graft function in the setting of cold ischemia. Donor lungs were inflated with 40% oxygen þ 60% nitrogen (control group) or with 500 ppm CO þ 40% oxygen þ nitrogen (CO group) during the cold ischemia phase and were kept at 4 C for 180 min. Recipients were sacrificed by exsanguinations at 180 min after reperfusion. Rats in the sham group had no transplantation and were performed as the recipients. Compared with the sham group, the oxygenation determined by blood gas analysis and the pressure-volume curves of the lung grafts decreased significantly, while the wet weight/dry weight (W/D) ratio, inflammatory reaction, oxidative stress, and cell apoptosis increased markedly (P < 0.05). However, compared to the control group, CO treatment improved the oxygenation (381 AE 58 vs. 308 AE 78 mm Hg) and the pressure-volume curves (15.8 AE 2.4 vs. 11.6 AE 1.7 mL/kg) (P < 0.05). The W/D ratio (4.6 AE 0.6) and the serum levels of interleukin-8 (279 AE 46 pg/mL) and tumor necrosis factor-a (377 AE 59 pg/mL) in the CO group decreased significantly compared to the control group (5.8 AE 0.8, 456 AE 63 pg/mL, and 520 AE 91 pg/mL) (P < 0.05). In addition, CO inflation also significantly decreased malondialdehyde activity and apoptotic cells in grafts, and increased the superoxide dismutase content. Briefly, CO inflation in donor lungs in the setting of cold ischemia attenuated lung IRI and improved the graft function compared with oxygen.
Introduction
Donor quality is an important factor for ischemia reperfusion injury (IRI) and lung graft function in lung transplantation (LTx). 1 Hypothermia preservation is an effective therapy that improves lung graft function and decreases the incidence of primary graft dysfunction (PGD) after LTx, but many events, including oxidative stress and intracellular calcium overload, 2,3 occur in the setting of cold ischemia that result in cell death and the release of inflammatory cytokines, which aggravate IRI.
Methods utilized to protect donor lungs during cold ischemia include lung preservation solutions, such as lowpotassium dextran (LPD) solution, 1 and different flushing methods, such as antegrade flushing and retrograde flushing. 4 Substances may be added to LPD solution to improve donor quality and decrease the incidence of PGD. 5, 6 Additionally, lung inflation during the cold ischemia phase improved the pulmonary function after reperfusion compared with lung collapse, and lung inflation with oxygen showed protective effects on lung IRI compared with nitrogen. 7, 8 Studies showed that carbon monoxide (CO) inhalation at 250-500 parts per million (ppm) ameliorated lung injury induced by ischemia reperfusion and mechanical ventilation. 9, 10 Therefore, the present study was to explore the effects of lung inflation with CO in the setting of cold ischemia on lung graft IRI.
(Beijing, China) and were immediately allowed to acclimate to 12 h light/dark cycles in a temperature-controlled room before being used for experiments. The rats were fed a standard diet and were allowed free access to water.
Experimental protocol
In total, 49 rats including donors and recipients were randomly assigned to one of three groups. During cold ischemia, the donor lungs in the control group were inflated using 40% oxygen þ 60% nitrogen, and the donor lungs in the CO group were inflated using 500 ppm CO þ 40% oxygen þ nitrogen (Liming Gas Corporation, Harbin, China). Donor lungs were kept in 4 C LPD solution for 180 min. The inflation gas was replaced at doses of 5 mL/kg every 30 min. 8 The rats in the sham group were ventilated under the same conditions as the control group and underwent left thoracotomies, but they were not transplant recipients ( Figure 1 ).
Donor preparation and orthotopic left LTx
Donor rats were anesthetized using sodium pentobarbital (60 mg/kg) and were intubated via tracheotomy. After the injection of sodium heparin (200 U/kg), the donor lungs were flushed with 20 mL 4 C LPD preservation solution (prepared by Harbin Medical University) with a pressure of 20 cm H 2 O. The left lungs were subsequently isolated and inflated with the gas mixtures according to the experimental protocol. Orthotopic left LTx was performed using the cuff technique as described previously. 9 Recipients were anesthetized, and femoral artery was cannulated for blood pressure monitoring and sample collection. Recipients were ventilated with 40% oxygen þ 60% nitrogen (Liming Gas Corporation, Harbin, China) at a tidal volume of 10 mL/ kg, but their rates were adjusted to maintain an arterial carbon dioxide tension (PaCO 2 ) of 35-45 mm Hg. Mean arterial blood pressure (MAP) and body temperature were continuously recorded (AS/3, Datex, Helsinki, Finland). Anesthesia and complete muscle relaxation were maintained with additional doses of sodium pentobarbital and pipecuronium bromide (0.4 mgÁkg À1 Áh À1 ). The recipients were sacrificed 180 min after reperfusion by exsanguination.
CO concentration detection
CO metabolism during cold ischemia in the donor lung was measured in a preliminary experiment. Donor lungs were inflated with 500 ppm CO þ 40% oxygen þ nitrogen (5 mL/ kg), using a 5 mL airtight injector (Agilent Corporation, CA, USA) via a t-junction connected to the endotracheal tube at either 0 min or 150 min following recovery. Gas was withdrawn from the donor lungs using a 1 mL airtight injector after being preserved at 4 C for 30 min for concentration detection via gas chromatography (4890D, Agilent Corporation). A total of 16 rats were included in the preliminary experiments.
Blood gas analysis
Arterial blood gas analyses were completed before transplantation and following reperfusion. Time points were recorded as T0-T7 in recipients, points that corresponded to baseline (5 min before transplantation) and 3 min, 30 min, 60 min, 90 min, 120 min, 150 min, and 180 min following reperfusion. At the end of the experiment, blood was 
Measurement of pulmonary P-V curves
Median sternotomies were performed immediately after the recipients euthanized via exsanguination, and the lungs were connected to an apparatus to measure static pressure-volume (P-V) curves. Airway pressure was increased to 30 cm H 2 O before being decreased to 0 cm H 2 O in stepwise intervals of 5 cm. Lung volumes were recorded following 1 min of stabilization. Volume measurements were corrected for gas compression in the apparatus. 11
Measurement of W/D ratios and inflammatory cytokines
The upper lobes of the lung grafts were desiccated at 80 C for 72 h to measure wet weight/dry weight (W/D) ratios. The inferior lobes were frozen at À80 C and homogenized to measure myeloperoxidase (MPO) activity using a special reagent box (Jiancheng Bio-Technology, Nanjing, China) and expressed as units per gram of lung tissue (U/g). Serum levels of interleukin (IL)-8 and tumor necrosis factor (TNF)-a were measured using an enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN).
Measurement of oxidation-reduction indicators
Superoxide dismutase (SOD) activity, expressed as units per milligram of protein (U/mg protein), and malonaldehyde (MDA) activity, expressed as nanomoles per milligram of protein (nmol/mg protein) were determined for the supernatants of the graft homogenates using the appropriate kits (Jiancheng Bio-Technology).
Histological examination and scoring
Paraformaldehyde-fixed, paraffin-embedded left lung grafts were cut into 6 mm thick sections and stained with hematoxylin and eosin. All sections were evaluated via light microscopy by a pathologist who was blinded to this study. The evaluation was based on the following criteria: (1) neutrophil infiltrate, (2) airway epithelial cell damage, (3) interstitial edema, (4) hyaline membrane formation, and (5) hemorrhage. Each section had five scores corresponding to the following criteria based on the degree of deterioration: normal ¼ 0, minimal change ¼ 1, mild change ¼ 2, moderate change ¼ 3, and severe change ¼ 4. A lung injury score (LIS) was recorded for each criterion. 12 
Cellular apoptosis detection
Alveolar epithelial cellular apoptosis was examined using a terminal deoxynucleotidyl transferase dUTP nick endlabeling (TUNEL) assay (Zhongshan Golden Bridge Biotechnology, Beijing, China). The numbers of positive cells per section were counted and evaluated using the apoptotic index (AI). AI is a measure of the number of positive cells for every 100 cells counted in five random high-power (Â40) fields in the same section. 13 The protein expression levels of caspase-3 in the alveolar epithelial cells were measured using immunohistochemical staining (Zhongshan Golden Bridge Biotechnology, Beijing, China). The numbers of positive cells per section were counted in five random high-power (Â40) fields in every specimen to calculate immunohistochemical scores (IHS), which were determined by multiplying the quantity score (an estimation of the percentage of immunoreactive cells) by the staining intensity score (an estimation of the staining intensity). Quantity scores were as follows: no staining was scored a 0; 1-10% of cells were scored as a 1; 11-50% were scored as a 2; 51-80%, a 3; and 81-100%, a 4. Staining intensity was rated on a scale of 0-3: 0 ¼ negative, 1 ¼ weak, 2 ¼ moderate, and 3 ¼ strong. All sections were examined by a pathologist using a single-blind method. 14 
Statistical analysis
Data were expressed as the mean values AE standard deviations (SDs) or medians (interquartile ranges) based on their distributions. Differences in the measured variables between groups were assessed by one-way analysis of variance (ANOVA) or by the Kruskal-Wallis test. Repeated data measurements were analyzed via repeated-measures ANOVA. P < 0.05 was considered statistically significant.
Results

CO concentrations in donor lungs
The CO concentration in the donor lung was 300 AE 7 ppm at 30 min following inflation with 500 ppm CO at 0 min and 264 AE 7 ppm at 180 min after inflation with 500 ppm CO at 150 min in the setting of cold ischemia. Therefore, the CO concentration in the donor lung was maintained within the 250-500 ppm range for 30 min following inflation.
Experiment-related data
Ten pairs of rats in the control group and CO group underwent surgery, but eventually nine pairs were included in both groups due to failure to separate lung hila; nine rats were included in the sham group. Total ischemia time (including cold ischemia and transplantation time) was 206 AE 10 min in the control group and 207 AE 8 min in the CO group, a difference that was not statistically significant. MAP and heart rates (HRs) were stable among the three groups, and there were no significant differences among the groups.
Blood gas analysis
Blood gas analysis indices, including the oxygenation index, which was equal to the partial pressure of arterial oxygen (PaO 2 )/fraction of inspired oxygen (FiO 2 ), base excess (BE), and pH value, were stable in the sham group. These indices were lower in the control group compared with the sham group (P < 0.05). However, compared with the control group, the PaO 2 /FiO 2 , BE, and pH values of the CO group were significantly higher (P < 0.05, Table 1 ). Pulmonary venous oxygen tension (PvO 2 )/FiO 2 , BE, and pH values from the left pulmonary venous circulation exhibited the same trends as the values listed above ( Table 2) .
Inflammatory response and oxidative stress index in recipients
The W/D ratio of the control group was higher than the sham group, and compared with the control group, the W/D ratio of the CO group was lower (P < 0.05, Table 3 ). Serum levels of IL-8 and TNF-a in the control group were higher than the sham group and these indices were lower in the CO group than the control group (P < 0.05, Table 3 ). The MPO levels of the control group were higher than the sham group, and the values of the CO group were lower than the control group (P < 0.05, Table 3 ). In the control group, the MDA levels were significantly higher and SOD activities were significantly lower than those in the sham group (P < 0.05), and compared with the control group, the MDA levels were decreased and SOD activities were increased in the CO group (P < 0.05, Table 3 ).
Lung injury scores
The lung tissues in the sham group were almost completely normal and did not exhibit any interstitial edema or intraalveolar hemorrhages (Figure 2a ). However, numerous abnormalities were noted in the control group, including severe interstitial edema, hyaline membrane formation, and intra-alveolar hemorrhages (Figure 2b) ; smaller changes were observed in the grafts of the CO group (Figure 2c) . Similarly, the LIS pertaining to neutrophil infiltration in the control group (3 [2 to 4]) was higher than that noted in the sham group (1 [0 to 2]) (P < 0.05), and the LIS pertaining to neutrophil infiltration in the CO group (1 [0 to 2]) was lower than the control group (P < 0.05). Similar tendencies were noted for the LIS of the other criteria (Figure 2d ).
Lung graft apoptosis
The lung sections in the sham group demonstrated almost no TUNEL positive cells. The numbers of TUNEL positive cells in the control group (Figure 3b ) and the CO group (Figure 3c) were higher than the sham group (Figure 3a) , and fewer TUNEL positive cells were noted in the CO group compared with the control group. The AI in the control group (36.3 AE 6.9) was significantly higher compared with the sham group (7.5 AE 4.9), and the AI in the CO group (12.8 AE 6.4) was lower compared with the control group (P < 0.05, Figure 3d) . Similarly, the IHS of caspase-3 of the control group (10.6 AE 3.1) was higher than the sham group (3.4 AE 1.7), and the IHS of the CO group (5.9 AE 2.8) was significantly lower than the control group (P < 0.05, Figure 4d ).
The static P-V curves of the lung grafts
The values of the P-V curves of the control group were significantly lower than the sham group, and the values of the CO group were higher than the control group (P < 0.05). At a pressure of 30 cm H 2 O, the volumes in the sham group, the control group, and the CO group were Figure 5 ).
Discussion
In this study, donor lungs were inflated with 500 ppm CO in the setting of cold ischemia, which resulted in reduced W/D ratios, LIS, inflammatory responses, oxidant stress, and cell apoptosis in the lung grafts. The inflation with CO also ameliorated lung graft injury as evaluated by histopathology and improved lung graft function as evaluated by oxygenation and P-V curves. Previous studies found that CO inhalation in the donors for a short time had a long protective effect on the recipients. 15, 16 Therefore, we inferred that CO inflation during the cold ischemia phase might have a long duration of protection. In this study, the oxygenation index in the control group was larger than 300 mm Hg and the rats in the control group had no PGD according to previous study, 9 the cause might be the donor lung had no injury before harvested. Therefore, CO inflation in donor lung from no heart beating donors or brain dead donors might be more meaningful.
The lungs are a unique organ system and enable oxygen to be derived from the alveoli, in addition to the circulation. CO is capable of acting as a second messenger and moves freely through the alveolar membrane. 17 This study obtained an initial data about CO metabolism in the donor lung and provided an innovative strategy for donor lung protection in the setting of cold ischemia, that is, CO inflation in donor lung. Compared with CO inhalation, CO inflation may represent a simple and feasible method of donor protection, especially in the process of long-distance transport. The CO concentration was maintained in therapeutic concentration (250-500 ppm 9,10 ) when replaced every 30 min during this study. Additionally, CO has already been used in clinical treatments such as endotoxemia and chronic obstructive pulmonary diseases, 18, 19 but the dosage was lower and the applied time was shorter. Therefore, the method used in this study should be explored further before being applied in clinical practice.
The release of pro-inflammatory cytokines (e.g. IL-8 and TNF-a) played a critical role in IRI. 20 Kohmoto et al. 9 reported that CO (250 ppm) inhalation decreased the upregulation of TNF-a and IL-6 mRNA in lung grafts. Song 21 found that CO inhalation decreased MPO activity in lung grafts, as well as the expression of IL-6 mRNA induced by ischemia reperfusion in serum. In this study, the inflammatory mediators (IL-8 and TNF-a) in the serum decreased during CO inflation, and MPO activity, an index of neutrophil infiltration, 21 decreased in the CO group. Therefore, CO inflation in the donor lungs in the setting of cold ischemia exerted protective effects against IRI in grafts via local and systemic anti-inflammatory effects.
Oxidative stress induced by IRI causes tissue lipid peroxidation and uncontrollable reactive oxygen species (ROS) generation, leading to a ROS imbalance and cell dysfunction, which eventually result in cellular necrosis and organ failure. 22 MDA is a common indicator of oxidative damage, and SOD is an important antioxidant. In this study, both SOD activity and the inhibition of MDA activity were noted in the lung grafts of the CO group, indicating that lung graft lipid peroxidation was alleviated. These results were consistent with those of our previous study. 11 We determined that CO inhalation ameliorated oxidant stress in the setting of lung graft injury involving tissues obtained from brain-dead donors and also improved lung graft function. Additionally, Liu et al. 23 reported that CO inhalation (250 ppm) increased SOD activity and decreased MDA levels in lipopolysaccharide-induced lung injury in rats. Wang et al. 24 found that CO treatment ameliorated hyperoxia-induced lung injury and inhibited ROS formation. Therefore, the protective effects of CO inflation in the setting of cold ischemia are related to its antioxidant effects.
Apoptosis plays a critical role in lung dysfunction, and the levels of alveolar epithelial apoptotic cells were increased in the lung grafts in the setting of cold ischemia. 25 Additionally, inflammatory responses and subsequent tissue injury may be aggravated by apoptotic cells. Zhang et al. 26 found that cell apoptosis was decreased by CO treatment in the setting of lung IRI. Wang et al. 24 also found that CO protected against hyperoxia-induced cellular apoptosis. In this study, the numbers of apoptotic cells in alveolar epithelial cells detected by caspase-3 protein expression and TUNEL decreased during CO inflation in the setting of cold ischemia. Therefore, the inhibition of apoptosis may be an additional mechanism by which CO protects against IRI.
The exact signaling pathways in which CO is involved, as well as its molecular targets, have not been fully elucidated. Several signaling pathways have been studied in an effort to uncover evidence of CO's protective effects against lung injury. CO-mediated decreases in lung IRI have been linked to p38 mitogen-activated protein kinase (MAPK), 26 as well as the activated signal transducers and activators of transcription (STAT) 3 pathway in epithelial cells in hyperoxia-induced lung injury models. 27 Additionally, heme oxygenase-1 (HO-1), a molecule with potent antioxidant properties, has been linked to CO's protective effects in the setting of lung IRI. 27 In our previous study, CO inhalation exerted protective effects via p38-MAPK in lung grafts obtained from brain-dead donors. 28 However, the underlying mechanisms by which CO inflation acts were not explored in this study.
This study had several limitations. First, only 3 h elapsed during cold ischemia and 3 more hours elapsed following reperfusion; a longer period of time may be required to observe the long-term effects of lung inflation with CO on lung graft function. Second, only one CO concentration was used in this study. Whether different CO concentrations exert different effects should be explored, and the optimal CO concentration should be determined. It is also needed to be confirmed the role of CO in the air in future. Third, the levels of CO in the grafts or carboxyhemoglobin (COHb) in the blood were not evaluated, but a previous study showed that CO inhalation at low concentration had no systemic sequelae. 9 At last, the specific mechanism by which CO confers lung protection was not clarified, and further experiment, such as isolated cell culture, are required.
In conclusion, donor lungs inflated with CO in the setting of cold ischemia released lung IRI and improved the graft function compared with oxygen, and the protective effects exerted by CO were associated with anti-inflammatory mediators, anti-oxidative, and anti-apoptotic effects.
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